Abstract-Several experimental and theoretical studies have shown that path-integrated rain rates can be determined by means of a direct measurement of attenuation. For ground-based radars, this is done by measuring the backscattering cross section of a fixed target in the presence and absence of rain along the radar beam. A ratio of the two measurements yields a factor proportional to the attenuation from which the average rain rate can be deduced. In this paper, we extend the technique to spaceborne radars by choosing the ground as a reference target. The technique is also generalized so that both the average and range-profiled rain rates can be determined. The accuracies of the resulting estimates are evaluated for a narrow-beam radar located on a low earth-orbiting satellite.
I. INTRODUCTION
RADAR is the most promising spaceborne instrument for quantitative measurements of rainfall rate over land. For this application, however, radars that operate at nonattenuating wavelengths have several disadvantages. The restrictions on antenna size from space preclude fields of view small enough at the longer wavelengths to resolve the more intense regions of rain rate. As the resolution requirements are relaxed, the partially filled range cells lead to errors caused by spatial averaging, small signal-to-noise ratios, and reflectivity gradients. Apart from the errors caused by poor resolution, the Z-R law (used in deriving the rain rate R from the reflectivity factor Z) is a sensitive function of the unknown dropsize distribution (DSD) [1] . When conditioned on a knowledge of the synoptic storm conditions, some of the large-scale variability in the DSD can be eliminated; nevertheless, a significant variability persists within each class of storm [2] . The resulting errors, along with typical calibration errors of 2-3 dB, limit the accuracy of rain-rate determination from a single nonattenuating-wavelength radar.
While short-wavelength attenuating radars offer better resolution for a fixed antenna size, the measurement accuracy of R is degraded not only by errors in the calibration constant and the Z-R relationship but also by errors in the attenuation coefficient-rain-rate law (k-R). As in the Z-R law, a major source of error in the k-R law arises from systematic changes in the DSD as well as fluctuations in the DSD within each Manuscript received December 11, 198f; revised July 7, 1982. R. Meneghini [3] .
The addition of an independent measurement of some meteorological quantity can often reduce one or more of the errors mentioned above. One of the first examples of this type of correction procedure was given by H.itschfeld and Bordan [3] .
These authors proposed an independent measurement of rain rate at some point along the radar beam which served to bound the errors in the rain-rate estimate. The dual-wavelength methods [4]- [6] can also be viewed as a type of correction procedure in which the measurements are used to derive a two parameter DSD. The liquid water content and the rain rate can then be deduced without the need of Z-R or k-R laws.
Other dual-measurement techniques include the use of orthogonal polarizations [7] , [8] and the use of a combined radarradiometric sensor [9] .
Of particular importance for the work presented here is the method [10]- [14] , in which a direct measurement of total attenuation is used to find the path-integrated or the pathaveraged rain rate. The attenuation is obtained from a ratio of the backscattered powers from a fixed target where one measurement is made in the presence, the other in the absence of precipitation. From the attenuation, an appropriate k-R law, and the path length from the radar to the target, the pathintegrated or average rain rate can be determined without recouse to the Z-R law or the radar calibration constant. Atlas and Ulbrich [14] have shown, moreover, that at wavelengths near 0.86 cm., the k-R law is essentially independent of the DSD. This independence is manifested in less scatter about the k-R regression line and, therefore, a reduction in the error variance of R.
For satellite applications, the technique is not directly applicable because of the impracticability of a global network of calibrated targets. The objectives of this paper are twofold: to modify the technique to make it suitable for spaceborne radars and to generalize it so that, in addition to the average rain rate, range-profiled rain rates can be estimated.
II. THE SURFACE REFERENCE TECHNIQUE By means of an attenuating-wavelength spaceborne radar, measurements of the backscattering coefficient (i.e., the scattering cross section per unit area) of the surface oa can be made in the rain-free areas adjacent to the rain volume. As the U.S. Government work not protected by U.S. copyright where An = exp (-0.46 f kds) k is the attenuation coefficient in dB/km, CG is a calibration constant, ro is the distance from the radar to the edge of the storm, and rn is the range corresponding to the center of the nth range bin. The subscripts on ao are used to indicate that the values of a0 for the two measurements are generally different. The ratio of Gto then provides an estimate ofAn. In general, however, the return power from the surface cell n, in the presence of precipitation will include a contribution from this precipitation (see Fig. 1 ). If we also account for the noise power PN added to the return by the receiver, then the estimate of An, written An) is given by the ratio of the total return powers measured at the surface bin n in the presence and absence of precipitation beam passes into regions of precipitation, the backscattered power from the surface will be proportional to aoA where A is the attenuation factor. If the incidence angle and the radar frequency can be chosen so that the values of &o within and outside the precipitation are nearly invariant, then the ratio of the two measurements yields an accurate estimate of A. Once A has been obtained the average rain rate follows from a k-R law and a measurement of the path length through the rain [15] .
In the standard methods, a' is obtained from a measurement made in the absence of precipitation. In the present technique, which we will refer to as a surface reference technique (SRT), the actual a°is an unknown which can be approximated either by an average value a°measured in the rain-free adjacent to the target or by a subsequent measurement of a°at the actual target when precipitation along the radar beam is absent. The replacement of the actual with an "equivalent" reference measurement introduces an additional error into the determination of rain rate, the magnitude of which depends on the spatial or temporal inhomogeneity of the surface scattering properties. (5) (6) The subscripts added to PN indicate that these contributions are not constant over the two measurements.
Using the k-R law k = yRt in (3) and the estimated value P,n n above for An, then (7) DeRf ds = a 0v46e y In(PrntP2n)t [16] though these techniques themselves provide range-profilec rates, they are susceptible to large errors whenever the attenuation is significant. Since the SRT is feasible only moderate to large attenuations occur, the above method of limited applicability in this instance. We can, howeve formulate them by using the total attenuation, obtained the SRT, to bound the errors in the rain rate. In fact, the cedure to be described is similar to the Hitschfeld-Bordar rection technique mentioned above except that the attenu estimate of (4) now takes the place of the independent surement of rain rate.
For the particular application used here, the Hitsch Bordan algorithm has been shown to yield better results the iterative estimates. We, therefore, deal exclusively the former. The Hitschfeld-Bordan algorithm for the ra: rate at the /th range bin can be written [17] Letting j increase to n in this formula, using for A, the estimated value An from (4), and solving for p gives
The quantity p is now inserted back into (16) which yields a new rain-rate estimate that we label with a superscript 1 
which can be found by expressing Z as a function of Zm [17] and by identifying A from (12) . The quantity h in (11) and (15) is the radar-range resolution which arises in approximating an integral by a summation, i.e.,
aZ(s)ds t h c1Z
We now assume that an estimate of the attenuation factor up to the nth range bin An is available. There are several ways of incorporating this additional measurement into the rain-rate estimate of ( 1). We discuss two possibilities.
These equations are valid foi j = 1, n, Equation (17) 
The quantity pi, in turn, yields a second rain-rate estimate R(2) that can be written
Although the only difference between (17) and (20) is the factor of J appearing in the former, it can be seen upon inspection that (20) is independent of offsets in a but dependent on errors in the calibration constant. Exactly the opposite is true of (I 7).
Before analyzing the rain-rate estimates, it is worth noting that several other estimates for the profiled rain rate can be derived. For example, (10) (10), (1 7), and (20) will be analyzed. (19) _,00.
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-240. IV. RESULTS AND DISCUSSION The remainder of the paper will be spent in investigating the behavior of (10), (17) , and (20) The procedure for finding the statistics of the above estimates can be conveniently described as a two-stage process. In the first stage, the average values of the return power from the rain and the surface are computed as a function of distance into the storm (see Appendix). The second stage in this procedure is to introduce offset errors and random variations into several of the radar and meteorological quantities. Via a sirnulation, these quantities are used to compute particular realizations of RAV, R(1), and R(2) in accordance with (10), (17) , and (20). Continuing in this way over one thousand such realizations,-we then compute the sample mean and standard deviation of RAV and of R(1), and R 2) forj = 1, * * n where i = 1 corresponds to the first bin containing rain at the storm top while j = n corresponds to the bin at which the surface return power is maximum.
An example of the mean power calculation is shown in Fig. 2 where the receiver noise power PN(N), the rain return PR (R), (17) and (20) 0.9 dB, the minimum and maximum rain rates become 4 and 25 mm/h. These values and the results at two other frequencies are presented in Table II . The main determining factor for these minimum and maximum rain rates is the magnitude of the total attenuation up to the nth range bin. When the attenuation, f^rn k(s) ds, is slight (low rain rates) RAV will generally be greater than the true value; this is due to the logarithm in (10) which biases values of An near unity toward the larger values of RAV. On the other hand, when the attenuation is large (high rain rates) the noise power PN eventually predominates over PG , giving from (4)-(6) an attenuation factorA, larger than the true value. This leads to an underestimate of the attenuation, and, therefore, an underestimate of the true average rain rate.
The statistics of R(1) and R(2) in the mid-ranges follow the same general behavior as those of RAy. Notice, however, in
Figs. 4 and 5 that the mean values of R(') and R(2) exhibit a gradual decrease from about 3 to 6 km followed by an increase around 6.5 km which corresponds to the intersection of the range bin with the surface. Both effects can be explained by the presence of the ground clutter which leads to an overestimation of Zm, as is shown by (21). This overestimation of Zm is especially large at the surface cells and implies that for j n, the ratio Sj/S, is smaller than the true value. This, in turn, negatively biases the estimates of (17) and (20) . On the other hand, as j approaches n, then Sj/Sn -+ 1 and the greatest contributor to the bias is caused by the Zb factor in (17) and (20) which produces a positive bias in the rain-rate estimates. These effects account for the abrupt change in the mean value at about 6.5 km from negatively to positively biased values.
Despite the similarities between () and R(2), there are several differences between them. As mentioned before, R(1) is independent of errors in the calibration constant CR. Thus in the situation where the errors in CR are 2 dB or greater, R(O) is preferable to R(2). To show this graphically, we plot in Figs. 5 and 6 the statistics of RAV, R(), and R(2) for R T = 20 mm/h and X = 1.87 cm. In Fig. 5 , the error in CR is chosen to be zero. In Fig. 6 , CR is in error by 3 dB, i.e., ER = 1 in (21). Notice that neither RAV or R(1) is affected by this offset.
Although the figures indicate that the variance in R (1) is generally smaller than R(2), this may be somewhat misleading because of the simplified error model used for the k-R, Z-R, k-Z relationships. In particular, we find from (25) and (26) (1) is independent of a and a. Since #, b, and ,3 were assumed to be fixed, the only source of variability besides Zmj, Si, andAp is in Y. To obtain a better indication of the variance in R(1) and R(2), a more sophisticated model is required for the characterization of errors in the k-R, Z-R, and k-Z relationships.
V. CONCLUSIONS By using the surface as a reference target, the total attenuation method can be extended to spaceborne geometries. This method provides estimates of path-averaged rain rate that are independent of the Z-R law and radar calibration constant but dependent on the backscatteirng coefficient of the surface and the k-R relation. Range-profiled estimates of rain rate can be deduced by means of a reformulated version of the HitschfeldBordan algorithm. This reformulation was done by using the total attenuation, as determined from the surface-reference method, to derive a parameter which bounds the error in the original estimate. Of the two estimates that were analyzed, the R(') estimate was preferable because of its insensitivity to radar calibration errors.
To generate the results that have been presented, a simple meteorological model has been used. Although the errors caused by simple partial beam-filling effects were included, no spatial variation in the rain rate was assumed. Furthermore, the effects of atmospheric absorption, clouds and precipitation above the melting layer were neglected as was the presence of nonspherical drops. These assumptions were made to decrease computation time and to simplify the presentation of the results. Nevertheless, these effects would have to be accounted for in a more rigorous assessment of the technique.
In the modeling of the fluctuations in a', i.e., the variability introduced by substituting the actual for an equivalent target, we have used in one set of calculations, a So = 1.8 dB taken from Ulaby [24] . This value, however, includes data taken over different crop types, soil conditions and times of the growing season. Since some of these sources of error will be absent in the data used for estimating the attenuation factor, we expect, on the average, to encounter lower values of S0.
Selected runs through Skylab data [15] taken at X = 2.16 cm for an incident angle of 330 have yielded a So between adjacent 10-km footprints of about 0.43 dB. The standard deviation in aO from values separated by 5 to 10 instantaneous fields of view (IFOV) was found to be 0.5-0.6 dB. These values, however, are probably too low for the type of application envisaged since, in the application of the SRT, the changes in soil moisture conditions and the presence or absence of moisture on crops, leaves, etc., would tend to make &°more variable than on the average. Because of our lack of knowledge of SO, the simulation was carried out for three values of this quantity.
The results have shown that the minimum rain rate that can be estimated accurately is a fairly sensitive function of this parameter.
One of the limitations of the surface-reference technique appears to be the narrow range of rain rates over which a single frequency radar can work well. In particular, it was found that below a certain rain rate, the total attenuation is too small for the technique to work effectively. In this region of slight attenuation, however, the iterative algorithm or the HitschfeldBordan algorithm works best. It appears likely that the dynamic range can be extended by using one of the standard attenuating-wavelength techniques for estimation at the low rain rates. For a dual-wavelength radar, additional hybrid techniques would be available.
As a final comment we remark that the SRT has been analyzed only for rain over land. Over ocean it is expected to be less accurate because of the dependence of a°on wind speed for angles greater than 100. For measurements over ocean however, a radar-radiometer sensor might be feasible. In this mode the total attenuation would be obtained from the radiometric intensity measurement while the radar would provide a measure of the storm height and the range-profiled reflectivities. The rain rate algorithms of (17) In the text, the explicit forms of the mean return power from the rain and the surface are not given. We wish here to write down these expressions and indicate how they may be simplified under certain conditions. We begin with an equation for the return power as a function of time t from an ensemble of scatterers. A slight generalization of the equation given in [25] can be made by keeping the attenuation factor inside the integral, i. Si where q? is the reflectivity, PT is the transmitted power, r is the range measured from the radar, X is the radar wavelength, and G is the antenna gain function. We choose spherical coordinates (r, 0, and 0) with respect to an origin located on the radar at an altitude zo above the ground. The polar angle 0 is measured with respect to the z axis which points in the nadir direction. As in the text, k(s) is the attenuation coefficient in dB/km. In general, rq, sl, and s2 are functions of (r, 0, and k) because of the finite extent of the region of precipitation. The antenna gain function G is taken to be rotationally symmetrical about the direction of maximum gain, 0 = ON and f = 0, so that,
where 4 is the angle between the vectors (r sin ON, 0, r cos ON) and (r cos k sin 0, r sin 0 sin 0, r cos 0) and is given by 4 = cos-1 (cos 0 sin 0 sin ON + COS 0 COS ON)
To simplify (Al) we make the following assumptions. We choose a uniform rain rate from the ground up to an altitude zs. We further assume a rectangular transmitted pulse of duration r; the return power is then sampled at times ti = 2ri/c + r, j = 1, * * *, n where rj,l -rj = h = crT2. The quantity, PR (t = 2rj/c + r), is the return power from the rain at the jth range bin which we denote by PR The final approximation is to neglect the rain return from all but the main lobe. Equation (Al Gm= 0 elsewhere and F is a fill factor, being unity for that region of the range bin which intercepts the rain and zero elsewhere. For a fixed 0, sI = (zo -ZS) sec 0, s2 = r so that s2 -sI is simply the distance through the storm to range r at a particular value of 0.
Using the relation q = rT5IKI2Z/X4 [26] To obtain the backscattered power from the surface, we begin with the expression [25] where the region of integration is over the entire ground plane. We again assume a rectangular pulse of duration r and sample the return waveform at times t1 = 2rj/c + r, j = 1, --*, n. The notation PG(t, = 2r,/c + r) = PGj is used. Assuming that h << rnOB, where OB is the angular extent of the main lobe, then 0 varies only slightly over the region of integration. This implies that the attenuation is essentially constant over the area of integration so that it can be taken outside the integral. If we, furthermore, assume that a°is independent of 0 then au(Q, 0) a0(OM), where OM is defined below. Under these assumptions, the return power from the surface, in the presence of precipitation, is setting Ai equal to unity, i.e., P =-CG a0(0M)/rt.
